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Abstract 
Power dissipation is a critical problem of CMOS devices especially for mobile 
applications. Many efforts have been made to solve the problem, but there are still major 
issues associated with scaling the device size. Micro electromechanical (MEMS) and 
nano electromechanical (NEMS) devices are one candidate to solve the problems because 
of their excellent standby leakage. However, the switches have a tradeoff between low 
operating power and high device speed. Suspended beams with low mass density and 
good mechanical properties provide a way to optimize the device.  
Carbon nanotubes (CNTs) have the low mass density and excellent mechanical 
properties to enable high performance MEMS/NEMS devices. However, the high 
temperature required for the direct synthesis for CNTs makes it difficult for them to be 
compatible with a substrate containing transistors. Therefore, continuous film deposition 
techniques are investigated with low temperature (< 300 C).    
Electrophoretic deposition (EPD) is a simple and versatile processing method to 
deposit carbon nanotubes on the substrate at room temperature. The movement of the 
charged CNTs in suspension occurs by an applied electric field. The deposited CNT film 
thickness can be controlled through the applied voltage and process time. We 
demonstrate the use of an EPD process to deposit various thicknesses of CNT films. Film 
thicknesses are studied as a function of, deposition time, electric field strength, and 
suspension concentration. The deposition mechanism of the EPD process for carbon 
nanotube layers was explained with experimental data. We determined the film mass 
density and electrical/optical properties of SWCNT films. Rutherford backscattering 
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spectroscopy was used to determine the film mass density. Films created in this manner 
had a mass density that varies with thickness from 0.12 to 0.54 g/cm3 and a resistivity of 
2.1410-3 Ω·cm. For the mechanical property measurements, we describe a technique to 
fabricate free-standing thin films using modified Langmuir-Blodgett method. Then we 
extracted the Young’s modulus of the film from the load-displacement data from 
nanoindentation using the appropriate modeling. The Young’s modulus had a range of 
4.72 to 5.67 GPa, independent of deposited thickness.  
We fabricated two-terminal fixed beam switches with SWCNT thin films using 
the EPD process. Device pull-in voltages under 1V were achieved by decreasing the air-
gap. The pull-in voltages were compared with the calculated results using the device 
geometry and extracted Young’s modulus from nanoindentation. Generally good 
agreement was observed. Also, we found a range of 2.4 to 3.5 MHz resonant frequency. 
However, we encountered several problems with the device including a gradual turn-on, 
hysteresis between pull-in and pull-out voltage, changes in the pull-in voltages with 
repeated on-off cycling, and early failure due to moisture absorption during testing in the 
air. Mechanisms for these observations are postulated. Further work is needed to improve 
device performance and reliability.  
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Chapter 1.  
 
Introduction 
 
 
1.1. Overview 
This Chapter first introduces the motivation for electromechanical devices. Then, 
the operation and problems of micro electromechanical system (MEMS) devices are 
discussed. As a possible candidate to solve the problem of MEMS, carbon nanotubes 
(CNTs) can be used for structural materials in the MEMS/NEMS devices due to their 
remarkable properties. Next, fundamental aspects of CNTs including synthesis, 
characteristics and thin film formation are described. Finally, we outline the following 
Chapters. 
 
1.2. Motivation 
1.2.1. Power dissipation problem in CMOS 
While scaling down the device size, power dissipation becomes the primary 
issue of the CMOS device, especially for the mobile applications, devices must have very 
low power consumption. Power dissipation of CMOS devices can be categorized into 
dynamic and standby. Dynamic power dissipation is primarily due to the charging and 
discharging the capacitance during switch operation of CMOS devices. The standby 
dissipation is caused by junction, gate and subthreshold leakage. Figure 1 (a) depicts the 
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power consumption as a function of time. When gate length or device geometry is 
reduced, both types of power consumption increase. However, standby power dissipation 
is increasing much faster than dynamic power dissipation. Thus, the off-state power 
consumption becomes the most critical problem for sub-50 nm devices. 
Much research has been done to find a solution to these power consumption 
problems. Gate leakage, one of standby leakages, is mitigated through the use of high-k 
oxide and metal gate [18]. Also, recently commercialized FinFET devices which have 
substrate leakage and gate leakage can reduce power consumption by lower the drain 
induced barrier lowering (DIBL) effect which threshold voltage decreases with increasing 
drain voltage for the short channel device and the subthreshold slope [19, 20]. However, 
because these devices are still field effect transistors, power dissipation problems that are 
inherent to the device remain unaddressed. Thus, devices with new operational concepts 
are required to solve the power dissipation problem.     
Micro electromechanical (MEMS) or nano electromechanical (NEMS) devices 
can be one of candidates to solve the power dissipation problem because of their almost 
zero standby leakage in the off-state. MEMS/NEMS devices can be compatible with the 
conventional CMOS fabrication process technology. The active power dissipation of 
MEMS/NEMS is expressed by [21]    
P ൌ 12ܥ ௉ܸ
ଶ ௦݂ (1.1)
where VP is the pull-in voltage and fS is the switching rate. Since the dynamic power 
consumption on the square of the operating voltage, low voltage operation is required. In 
addition, Equation 1.1 only considers an abrupt turn on condition. Power leakage also 
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In summary, MEMS devices are a candidate to solve the power dissipation 
problem of CMOS devices, because they have very low (almost zero) standby leakage. 
Moreover, active and transition power consumptions can be reduced when MEMS 
devices operate with low power and as abrupt turn-on switch. 
 
1.2.2. Operation principle of MEMS actuator 
The electromechanical actuators are operated due to a potential difference 
between a free-standing movable beam and bottom electrode. The potential gap induces 
an external electrostatic force. There are two types of forces between free-standing beam 
and the electrode: attractive and repulsive forces. When attractive forces overcome the 
repulsive forces, the suspended beam moves down to contact the bottom electrode. When 
repulsive forces exceed attractive forces, the movable beam moves back to the original 
position. Ideally this condition occurs when the applied voltage difference is removed.  
The device is on-state when both electrodes contacts together and current flows 
from one electrode to another. In the off-state, no current flow between two electrodes 
due to the gap. Thus, MEMS switches can be almost zero leakage as required for 
applications with low power consumption.  
The required attractive force which changes the device status from ‘off’ to ‘on’ 
is supplied by providing a potential in excess of the pull-in voltage (VPI). The pull-in 
voltage is affected by contact area, beam geometry, Young’s modulus of movable beam, 
gap between the electrodes, electrode surface roughness and the species of interacting 
atoms, etc [22]. In contrast, the pull-out voltage (VPO) is defined when beam returns back 
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to original position upon reducing the applied voltage.  Figure 1.2 shows the off-state and 
on-state of device by force variation. In general, VPI > VPO. This is due to the difference 
in the dependence of distance for the various forces. Some of the attractive forces are 
short-range in nature and so only effective when the beam in near the point of contact. In 
the extreme case the suspended beam contacts the electrode surface and does not return 
back again, even after the applied voltage is zero. In that case one can say that VPO < 0, 
but the nature of the electrostatic attraction makes it independent of sign. This effect, 
called, stiction, renders the device unusable. Usually, low beam stiffness and large 
contact area cause stiction. To avoid this problem, high Young’s Modulus materials are 
needed, however that creates a high pull-in voltage.  
 
 
 
1.2.3 MEMS device tradeoff between speed and low actuation voltage 
In general, the pull-in voltage and switching speed of MEMS/NEMS switches 
have a proportional relationship to each other. The Pull in voltage of an electrostatic 
MEMS cantilever is expressed as [2] 
 
 
Figure 1.2 (a) MEMS switch for operation 
FAttractive < FRepulsive
Off‐state
FAttractive > FRepulsive
On‐state
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௉ܸூ ൌ ඨ12827
Eݐଷ
ߝ௢ܹ݈ଷ ሺ݃௢ሻ
ଷ (1.2)
where E is Young’s Modulus, t is the thickness of the beam, W is the contact width, l is 
the beam length, and go is the air gap between beam and bottom electrode. In addition, 
the switching speed of device is proportional to the resonance frequency [2] 
௢݂ ൌ 1.0279 ൬ ݐ݈ଶ൰ඨ
ܧ
ߩ (1.3) 
where ߩ is mass density of the movable beam. 
The above two equations have a common term, ݐටா௟య, which creates a tradeoff 
between switching speed and actuation voltage. Thus, it is difficult to make high speed 
and low actuation voltage simultaneously. The equations have some independent 
parameters: the air-gap distance and the beam material thickness and density. This means 
that small air-gap and a thin, low mass density material are needed to make a fast 
switching speed and low operating voltage device. 
 
1.3. Carbon nanotubes 
Since Iijima firstly reported the carbon nanotubes (CNTs) [23, 24], substantial 
research into their use in many applications has been pursued because of their unique 
intrinsic properties [25]. A carbon nanotube which has a honeycomb structure can be 
described as sheets of graphene rolled into the cylinder. The CNTs can be divided into 
single walled CNTs (SWCNTs) and multi walled CNTs (MWCNTs) according to the 
number of layers of graphene in the roll. The SWCNT can be described by a vector, 
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known as the chiral vector, CሬԦ ൌ ݉ܽଵሬሬሬሬԦ ൅ ݊ܽଶሬሬሬሬԦ  where (m, n) and (ܽଵሬሬሬሬԦ, ܽଶሬሬሬሬԦ)  are a pair of 
integer numbers and the 2D unit vectors, respectively. SWCNT are categorized into three 
classes according to the arrangement of carbon atoms around the nanotube diameter: 
armchair (m=n), zigzag (m=0 or n=0) and chiral SWCNT. SWCNTs have metallic 
behavior when the difference of m and n is a multiple of three (m-n=3k where k is 
nonzero integer). Otherwise, SWCNTs will have semiconducting properties. Typically, 
SWCNTs are 1 to 2 nm in diameter and few micrometers of length depending on the 
growth conditions.  
 
1.3.1. Direct growth techniques  
There are three methods to synthesize the carbon nanotubes by direct growth 
techniques: arc discharge, laser ablation and chemical vapor deposition (CVD) [25]. For 
CNT synthesis, these techniques need a catalyst, carbon source and energy [26]. In the 
first, the arc discharge technique, CNTs are synthesized by plasma discharge between 
two electrodes in an inert gas chamber [27, 28]. The second, laser ablation, uses a high 
power laser beam incident on a graphite target to vaporize the carbon and condense 
carbon at a water cooled collector as CNTs [29]. These two techniques produce high 
quality CNTs using solid-state carbon precursors and large amount of energy. The third 
technique, CVD, uses hydrocarbon gas and a metal catalyst as seed layer in a furnace 
held at ~900 oC [30]. After synthesis of CNTs, purification steps and post-synthesis 
treatments are required to remove the unwanted impurities [31, 32].  
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The ideal CNTs with direct growth techniques have excellent mechanical and 
electrical properties including low mass density (1.4 g/cm3), a large Young’s modulus (1 
to 2 TPa), a tensile strength over 60 GPa [33, 34], a mobility up to 100,000 cm2/V-sec at 
room temperature [35], and a current-carrying capacity of over 1010 A/cm2 [36]. These 
remarkable characteristics of CNTs lead them to use in a variety of applications such as 
composite material [37-40], films [41, 42], microelectronics [43-49], energy storage [50-
53], environment [54-56], and biotechnology [57-61].  
 
1.3.2. Thin film deposition techniques using CNTs  
The direct growth methods present several obstacles to compatibility with many 
substrates such as high growth temperature (> 900 oC). Also, they require post treatment 
steps which include acid treatment to remove metallic/carbon impurities and the 
annealing process to purify the raw materials. These limitations can be mitigated by 
forming a thin CNT film using a solution-based process at room temperature. The 
solution based film deposition methods have several advantages compared with direct 
synthesis: conventional silicon and polymer substrate compatibility and the use of 
standard lithography and etch processes to produce arbitrary patterns at any location on 
wafer.  
The CNT film deposition methods with solution base can be divided into 
drop/spin coating [62-66], spraying [67], dip coating [68], roll-to-roll [69], layer-by-layer 
(LbL) [70] and electrophoretic deposition (EPD) [71, 72]. For the drop casting and spin 
coating techniques, a small amount of dispersed CNT suspension is dropped on the 
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substrate, then the substrate is allowed to dry in air (drop casting [62-64]) or it is rotated 
at high speed (spin coating [65, 66]). Drop casting is the easiest techniques to coat the 
substrate, and spin coating is good for thinner depositions. However, it is difficult to 
make a dense film with these methods. 
In spray coating [67] the CNT suspension is directly sprayed onto a heated 
substrate using commercial air brush pistol. Even though the heating temperature is 
selected to accelerate the drying of the droplets, it is still difficult to avoid agglomeration.  
In the dip coating method [68] the substrate is immersed into the dispersed CNT 
suspension and placed to dry in air. It is frequently used to fabricate transparent and 
conductive films on various substrates. However, both sides of substrate can be coated 
with this method.  
In the roll-to roll process [69] a controlled amount of dispersed CNT solution is 
coated on a substrate by a coating rod. For drying the deposited film, a heated bar is used. 
This method is used in industry and is good for extremely large areas. However, position 
to position control of thickness is still challenging.  
The layer-by-layer method uses altering layers of positively charged and 
negatively charged CNTs [70, 73]. The substrate is repetitively immersed into the 
prepared oppositely charged suspension sequentially. The deposited mass can be 
controlled by the number of immersions. Our group previously demonstrated layer by 
layer processes to deposit film with randomly distributed or aligned SWCNTs [74]. 
However, this technique has several problems. The LBL method is extremely slow, 
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typically 4 to 8 hours to deposit a 100 nm thick film. Moreover, the positively charged 
CNT suspensions are extremely difficult to control and reproduce. 
Lastly, EPD technique uses the movement of negatively charged CNTs 
dispersed in a suspension under an applied electric field [71, 72, 75]. The deposited mass 
is controlled by the applied voltage and process time [76]. We chose the EPD method to 
deposit the SWCNT films for this project. We will explain the electrophoretically 
deposited SWCNT film in Chapter 2 in detail. 
 
1.4. Research goal  
The research endeavors to develop the technology needed to ultimately fabricate 
low pull in voltage (under 1V) and high frequency (over 1GHz) NEMS device using 
SWCNT films. The research is divided to three steps: SWCNT film deposition with EPD, 
SWCNT film characterization, and device fabrication. The SWCNT film deposition is 
demonstrated using electrophoretic deposition process. This is a much faster and simpler 
process than the difficult to control LBL process used previously. We suggest the CNT 
deposition mechanism on substrate and control factors to keep the same thickness films. 
Next, electrophoretically deposited SWCNT films are characterized to find film 
properties including density, electrical, optical and mechanical properties. Finally, two 
terminal switches are fabricated with various air gaps to decrease the operating voltage. 
Then, the produced devices are characterized with HP4156 to measure the pull-in voltage.  
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for suspended beam. Chapter 2 reviews the fundamentals of electrophoretic deposition of 
carbon nanotube films, and explains the deposition kinetics with the experimental result 
of EPD process.  Chapter 3 demonstrates the characteristics of the SWCNT films: density, 
electrical, optical and mechanical properties. Moreover, modeling is introduced with 
fabrication techniques for very thin films. Chapter 4 describes the fabrication process and 
characteristics of the MEMS/NEMS switch using electrophoretically deposited SWCNT 
films. Chapter 5 summarizes the research results and provides recommendations for the 
future research.  
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Chapter 2.  
 
Electrophoretic Deposition of 
Single Wall Carbon Nanotube Films 
 
 
2.1. Overview 
This chapter begins with a discussion of the theoretical explanations for the 
mechanism of electrophoretic deposition (EPD) when it is used to form thin carbon 
nanotube (CNT) films. Also, the role of surfactant in suspension for EPD process is 
described. Then, the CNT film deposition process is introduced with the preparation of 
single wall CNT (SWCNT) suspension. The deposited film thickness is measured as a 
function of time, applied electric field and suspension concentration. Through the 
experimental result, the SWCNT film deposition mechanism in an EPD process is 
examined. Finally, the fabrication method which can be extended to flexible device or 
MEMS/NEMS device is developed by removing the metal seed layer and a sacrificial 
layer under the SWCNT film. 
 
2.2. Theoretical review of stable suspension and electrophoretic deposition 
EPD is a simple coating technique based on electrodeposition [77]. Traditionally, 
EPD has been employed in ceramic and composite material coatings [78]. Recently, EPD 
has been used in several processing areas: nanoparticle deposition, thin film, textile 
structures and bio materials [72, 79]. EPD processing has many advantages: high 
  17 
versatility with a wide range of substrate and materials, cost effectiveness, simple 
processing equipment, high deposition rate, large area coating, complex shape deposition 
and nanostructure fabrication. The deposited amount of materials can be precisely 
controlled by the processing parameters. These benefits lead to use of EPD processing in 
a wide range of applications such as MEMS/NEMS devices, optical devices, biomaterials, 
fuel cells, flexible electronics and printable/nano electronic devices.  
A stable suspension is required for EPD process to prevent particles aggregation 
before deposition. An explanation of the stable suspension preparation for EPD and 
fundamental concepts and deposition mechanisms of EPD would be explained in the next 
few sections. 
  
2.2.1. Preparing a stable suspension  
2.2.1.1. Fundamental of colloidal stability in suspension 
Particles in suspension can readily agglomerate before reaching the electrode 
where they deposit to form a thin film. Thus, a stable suspension (i.e. one with a very 
long agglomeration time) is essential for an effective EPD process. In colloidal chemistry 
the stability of a suspension is determined by the zeta potential (), the potential 
difference between the suspension and stationary layer of fluid attached to the dispersed 
particle. Particles with a high zeta potential produce a repulsive force that impedes 
particle agglomeration in suspension. Particles with low zeta potential, however, tend to 
aggregate each other to form precipitates. Therefore, one route to a stable suspension is to 
generate particles with a high zeta potential.   
  18 
In considering a charged particle in suspension, one must also take into account the 
response of the solution to the field. There is a net charge near the particle surface in a 
suspension when charged particles exist in liquid solution. Figure 2.1 describes the 
electrical double layer (EDL) and potential variance. The charged particle in the 
suspension is enclosed with the oppositely charged ions. Therefore, the EDL is divided 
by two distinguishable regions: inner region and outer region. The inner region (Stern 
layer) is the packed counter ion region near the charged particle. The outer region 
(diffuse layer), where both negatively and positively charged ions exist, has a lower 
density of ions than the inner layer. 
 
 
 
 
Figure 2.1 Schematic of the electrical double-layer and potential drop from surface of 
charged particle to outer layer: (a) charged particle (b) stern layer (c) diffuse layer 
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Derjaguin and Landau and Verwey and Overbeek developed the DLVO theory 
which explains the interaction between particles in a liquid [79-82]. The DLVO theory 
explains the interaction energy as a function of distance between two particles with 
attraction energy (Van der Waals attraction, VA) and double layer repulsion (VR). The 
total interaction energy (்ܸ ൌ ஺ܸ ൅ ோܸ) is shown in Figure 2.2. The inter-particle gap is 
almost zero near the primary minimum in the interaction energy curve. The repulsion 
energy plays a dominant role for particle interaction by increasing the distance of 
particles. The dominant attractive energy near the secondary minimum produces a 
suspension of particles bound together by a weak, net attractive energy.   
 
2.2.1.2. Fundamental concepts for stable solution  
Increasing the repulsive force between particles is necessary to prevent particle 
agglomeration because of the dominant Van der Waals force between the particles. There 
are two fundamental concepts to stabilize the suspension: electrostatic stabilization and 
polymeric stabilization.  
Electrostatic stabilization can be achieved by introducing repulsive charged ionic 
group in the suspension. The particles are surrounded by oppositely charged ions to form 
electrical double layers. The thickness of double layer is determined by the ionic strength 
which depends on the molar concentration and charge of ion in the dispersed suspension.  
Polymeric stabilization uses the surfactant to increase the mutual force of repulsion to 
stabilize the suspension. A hydrophobic tail of surfactant is adsorbed on the hydrophobic 
surface of particle, while the ionized hydrophilic head react with water. Then, the 
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2.2.2.1. Kinetic mechanism  
The first kinetic mechanism of EPD was driven by Hamaker using by a simple 
mass conservation principle [76]. The deposited mass (m, g/cm2) is expressed in below 
[76]:  
m ൌ ܥௌߤܣܧݐ      (2.1) 
where C, ߤ, S, E, and t are concentration of particles in suspension (g/cm3), 
electrophoretic mobility (cm2/Vs), deposition area of electrode substrate (cm2), field 
strength (V/m) and  deposition time (s), respectively. While this simple equation is 
sometimes used to describe the process, it is not sufficient to explain a realistic EPD 
process due to the variation of suspension concentration and electric field during actual 
deposition processing. 
Next, Sakar and Nicholson developed exponential empirical relation to solve the 
problems of the previous Harmaker’s equation. In this empirical equation the deposited 
mass is expressed by [4] 
݉ሺݐሻ ൌ ݉଴ሺ1 െ ݁ି௞௧ሻ     (2.2) 
where m0 and k are initial weight of the powder in suspension and kinetic parameter. The 
kinetic parameter is defined as k=Afu/V where f, u and V are efficiency factor, average 
velocity of the particles in suspension and the volume of the suspension which is 
considered to be a constant. The efficiency factor, which is equal to or less than unity, is 
the fraction of the particles near the electrode actually becoming incorporated into the 
film rather than agglomerated. Thus, if all particles take part in the deposition process, f = 
1. Typically high efficient factors are found in colloidally stable suspension. Exponential 
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and variable concentration in the exponential equation. Figure 2.5 depict the schematic of 
categorized EPD process, and table 2.1 represents Figure 2.5 in more detail.  
 
Table 2.1 Explanation of the kinetics of EPD process from Figure 2.5. 
Category Source Concentration Features 
I Current Constant Deposited mass varies linearly with time 
II Current Variable Deposited mass varies  exponentially with time due to decrease in concentration  
III Voltage Constant 
Deposited mass varies exponentially with time 
due to increase in the electric resistance of the 
deposited layer. 
IV Voltage Variable 
Deposited mass varies exponentially with time 
due to decrease in concentration and increase in 
the electric resistance of the deposit layer. 
 
 
2.2.2.2. Deposition mechanisms of EPD 
The exact deposition mechanisms are still a matter of discussion in the literature, 
both in the particle arrangement and in the aggregation of particles on the electrode. The 
arrangement and aggregation of particles follow the surface chemistry and the particle 
self-interaction and the particle and electrode surface interaction. The deposition 
mechanisms can be categorized into four theories by the phenomenon of the particle 
accumulation: 1) Fluctuation by particle accumulation, 2) particle charge neutralization, 3) 
electrochemical particle coagulation, and 4) distortion and thinning of electrical double 
layer (EDL). 
The first, and perhaps simplest, fluctuation mechanism by particle accumulation is 
proposed by Hamaker and Verwey [83]. They explained that the applied electric field 
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attracts the particles to the electrode and these incoming particles deposit on the electrode 
after overcoming the inter-particle repulsion.  
The particle charge neutralization mechanism is suggested by Grillon et al. with 
powder deposition [84]. When particles come in contact with the substrate, they undergo 
charge neutralization and become static. This mechanism is feasible for monolayer 
deposition (initial stage deposition from the diluted suspension), however it is invalid 
with thick films especially if they are highly resistive or if the pH of the solution changes 
during the electrochemical reaction near the electrode.   
The electrochemical particle coagulation mechanism was introduced by 
Koelmans[85]. They suggest that the increase of electrolyte concentration near depositing 
electrode lowers the zeta potential and induces flocculation of particles. The 
concentration change causes the reduction of the repulsive forces between particles on the 
substrate resulting in particle coagulation. This mechanism is valid for an electrode 
reaction which generates OH-, for example, a suspension containing water. However, if 
the concentration of electrolytes in suspension is constant, the mechanism is invalid [77].  
Finally, distortion and thinning of electrical double layer is suggested by Sakar 
and Nicholson as described in Figure 2.6. They explained the deposition mechanism with 
an oxide particle/lyosphere system. Firstly, the applied field causes a distortion of the 
double layer envelop, so positively charged particles move towards the negatively 
charged electrode. This leads to thinner heads on the side of the particle nearer the 
cathode and wider tails extending toward the anode. The head region keeps thinning after 
they contact the substrate. The incoming particles also have a thin leading double layer at 
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2.3. SWCNT film using electrophoretic deposition  
Electrophoretic deposition is a simple and versatile processing technique for the  
production of thin carbon nanotube films [13]. EPD uses the movement of charged 
particles dispersed in suspension under an applied electric field [14]. EPD enables 
deposition of thin and thick films, as well as composite coatings with complex shapes and 
surface patterns [15]. Possible applications of CNT films include CNT reinforced 
composite films and structures, field emission devices, MEMS/NEMS switch, sensors 
[86], energy storage (fuel cell) [87], and photovoltaic devices [88]. 
Preparing a suspension which has a high zeta potential on the particles and low 
ionic conductivity is necessary for EPD deposition (Van der Biest and Vandeperre [79]). 
As-produced carbon nanotubes are intrinsically inert and contain various metal particles 
and carbon impurities [28, 89-91]. Also, they often agglomerate or entangle each other to 
make bundles. Therefore, purification process to remove residual metal and carbon 
impurities and dispersion the CNTs in solution are essential before preparing suspension 
for EPD. A typical strategy uses chemical oxidation and annealing to purify the raw 
material. A mixture of nitric acids (HNO3) and sulphuric acids (H2SO4) are used for acid 
treatment process. These acids reduce the length of CNTs and introduce carboxylic 
groups (-COOH) on the surface as shown in Figure 2.7 [12]. These acidic groups make a 
negative surface charge in suspension and enable stable carbon nanotube suspension 
during EPD process due to electrostatic repulsion among the CNTs [92]. 
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region (b), it depends on the number of surfactant in region (c). The binding energy is 
constant over the certain SDS concentration. 
Du et al. first applied this technique to CNTs, demonstrating the deposition of 
multi-walled CNTs (MWCNTs) using an ethanol/acetone suspension [93]. They showed 
higher packing density of CNTs from CNT/distilled water than from CNT/ethanol 
suspensions. Kim and Lee deposited SWCNTs on silica spheres using EPD processing 
[94]. Pei et al. studied similar films [95], but they presented a limited amount of material 
characterization. The characterization has focused primarily on the electrical and optical 
properties of these films. Cho et al. deposited MWCNT film on the stainless steel 
substrates and characterized the film [71]. They explained the kinetics of EPD including 
the effects of the applied electric field and deposition time. Jung et al. deposited aligned 
SWCNT film for field emission devices [96]. Roth et al. deposited 10nm thick carbon 
nanotube layers on borosilicate glass and PET substrates [97]. Rigueur et al. studied the 
mechanical properties of free-standing multi-walled carbon nanotube films using EPD 
techniques [98]. Boccaccini et al. reported a comprehensive study on electrophoretic 
deposition of carbon nanotubes as mentioned in Table 2.2 [72].  
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Table 2.2 Overview of EPD parameters for CNTs deposition; Reproduced from [72] 
Electrode properties 
EPD parameters       
Ref Constant 
voltage 
Deposition 
time 
Electrod
es gap 
Stainless steel (1  1  0.2 cm3) 5–50 V 0.5–10 min 20 mm [99] 
Aminopropoxysilane (APS) pretreated 
Optically Transparent Electrodes (OTEs) 
500 & 50 
V 
1 min & 
2 min 6 mm [100] 
Carbon Fibre paper Electrodes (CFE) (2.25 
 2.25  0.6 cm3) ~ 40 V  5 mm [101] 
Aluminium electrodes 45 V  50 mm [102] 
Metal electrodes 45 V  50 mm [93] 
Titanium (1  1 cm2) electrodes    [103] 
Cathode: Glass plate (1 cm  0.5 cm) with 
ITO coating 
Anode: Glass plate (1 cm  0.5 cm) with 
aluminium coating 
100–200 
V  
18, 11, 
3, & 1 
mm 
[104] 
Silicon wafer (cathode) and stainless steel 
mesh as an anode 
30–600 
V  20 mm [105] 
Stainless steel mesh (cathode) and a gated 
triode structure formed on a glass substrate 
(anode) 
30–200 
V   [106] 
Indium tin oxide (ITO) coated glass    [107] 
Conducting glass electrodes, optically 
transparent electrode (OTE) 100 V  5 mm [108] 
Conducting glass electrodes, optically 
transparent electrode (OTE) 
<100 V 
& >100 
V 
2–3 min 5 mm [109] 
Polyimide film coated with titanium (cathode) 
and stainless steel (anode) 100 V 1–2 min  [110] 
Stainless steel 20 V  10 mm [111] 
Patterned metal substrates 10–50 V   [112] 
Patterned dielectric substrate with 1 lm thick 
polysilane film coating 
2000 
V/cm 
A few 
min  [100] 
Nickel and stainless steel substrates or metal-
plated glass plate 
200–300 
V 2 min 20 mm [42] 
Nickel substrates (10  10 mm2) etched with 
20% HNO3  for 10min 
20 V 5 min  [113] 
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2.3.1. Experimental Details1  
Commercial SWCNTs with an average diameter of 1.4 nm (Carbon Solution Inc.) 
were used for EPD processing. We treated SWCNTs with nitric acid to remove impurities 
such as amorphous carbon and catalyst contamination [114]. SWCNTs at a concentration 
of 1 mg/ml were used in deionized (DI) water with 1 wt % of the sodium dodecyl sulfate 
(SDS) surfactant. Pristine SWCNTs form agglomerates in DI water due to their strong 
hydrophobic properties. Therefore, the preparation of a stable dispersion of SWCNTs in a 
liquid solution is a necessary prerequisite for using the EPD method. SDS, one of the 
most widely used surfactants, is used to promote a mutually repulsive force to stabilize 
the SWCNT dispersion [115]. The surfactant molecules consist of two parts: a 
hydrophobic tail and a hydrophilic head. While the ionized hydrophilic head reacts with 
water, the hydrophobic tail adsorbs physically on the hydrophobic surface of the SWCNT 
bundle. Then, the dispersed SWCNTs have negative surface charges in the DI water. 
These negative charges surrounding SWCNTs in suspension increase the repulsive 
double layer force to prevent SWCNT agglomeration [116, 117].    
 The mixture was sonicated for one hour. Then the solution was centrifuged at 
3500 RPM for one hour to remove any precipitates or agglomerates. Figure 2.10 (a) 
shows the mixture procedure to prepare the SWCNT suspension. The upper 90% of the 
solution was separated for the deposition. Sonication and centrifugation was done prior to 
each deposition. The deposition was carried out in room temperature. The finished 
                                                 
1 Results in Section 2.3 are taken from [8] J. Lim, M. Jalali, and S. A. Campbell, "Properties 
of electrophoretically deposited single wall carbon nanotube films," Thin Solid Films, vol. 589, 
pp. 278-285, 8/31/ 2015. 
  35 
SWCNT suspension along with the above process is shown in Figure 2.10 (b). A 
schematic of the overall setup for electrophoretic deposition is presented in Figure 2.10 
(c). 
    Prior to SWCNT deposition, four inch silicon wafers were prepared as follows. 
A 300 nm thick layer of SiO2 was grown thermally on the wafers by oxidizing at 1000 oC 
in a wet ambient for two hours. Next, a sacrificial layer of amorphous silicon (a-Si) was 
deposited by plasma enhanced chemical vapor deposition using a Plasmatherm 340. The 
process used 5 %/95 % of SiH4/He at 10 mTorr. The plasma power was 200 W and the 
substrate temperature was 150 oC. Typical deposition rates with this recipe were about 
5nm/min. The film stress was typically about 1 GPa compressive. In some cases, anchor 
holes were etched in the film to later create free-standing CNT films.  
A thin layer of nickel (Ni) was sputtered on the substrate to act as the anode 
during the CNT deposition. The Ni layer was deposited using an AJA ATC 2000 
sputtering system. After loading wafers into the system it was evacuated to 2 ൈ 10ି଺ 
Torr. The Ni was dc sputtered at 5 mTorr of Ar at 250 watts. This produced a deposition 
rate of 10 nm/min. The Ni thickness used was 30 nm.  
The cathodes used in the electrophoretic deposition cell were made of 4” diameter 
Ni plates. For EPD the two electrodes were held parallel in the suspension with 
approximately 1” of separation. A dc power supply was used to provide a constant 
voltage. The effects of deposition bias and deposition time were studied. After the 
deposition, the coated wafers were removed slowly from solution and dried horizontally 
in air for one hour.  
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Following the deposition, the Ni anode layer was removed by a wet-etching 
process in a solution of FeCl3 which is known not to damage the CNT during etching 
process [118-121]. CNTs are typically purified using an oxidative treatment such as nitric 
 
 
Figure 2.10 Schematic of Electrophoretic Deposition of Carbon Nanotubes (a) Prepare 
SWCNT suspension by adding SDS surfactants (b) Experiment image of EPD: 
immersed wafer in SWCNT suspension (c) Overall set up and deposition process; 
Reproduced from [8] 
(c)
(b)(a)
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acid or H2O2. To reduce CNT damage due to this treatment, the chlorine based etchant 
HCl, is used to remove residual metals in CNTs [118] [119]. FeCl3 will release Cl- ions 
in a manner similar to HCl, but these ions do not damage the CNTs [120]. Thus, CNT 
structures will be inert during FeCl3 etching. At room temperature, the observed etch rate 
of the Ni layer in 8 % FeCl3 was 30 nm/min. The SWCNT layers were found to be 
sufficiently porous that the Ni could be removed underneath the SWCNTs. The absence 
of Ni after the etching was confirmed by energy dispersive spectroscopy (EDS). The EDS 
measurement is not the most accurate method to determine the concentration of some 
materials when there is an overlap of the corresponding peaks. We used four materials 
(Si, SiO2, Ni and CNT) for the EDS experiment. The peak energy of Si, O2, Ni, and C 
are 1.740 for K, 0.523 for K, 7.477 for K and 0.851 for L, and 0.277 for K , respectively. 
Therefore, the materials could be easily distinguished due to the large separation of the 
peak energies. The resolution of EDS is typically ~1%, so it is unable to detect trace 
amounts of Ni, but similar arguments could be made about Auger and XPS. After Ni 
etching the SWCNT film appeared to adhere to the a-Si, presumably due to surface 
tension.  
The SWCNT film could then be patterned by plasma etching in a STS model 320 
reactive ion etcher. 100 sccm of O2 produced a system pressure of 50 mTorr. 100 W of 
plasma power produced an etch rate of 30 nm/min. Etched films were measured with a 
Tencor P-16 profilometer to determine the film thickness and surface texture. We used 
the average of multiple measurements to improve the accuracy. 
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Finally, free-standing beam structures were realized by etching the a-Si sacrificial 
layer of patterned SWCNT film in an STS model 320 plasma etch system. 200 sccm of 
SF6 produced a system pressure of 300 mTorr. At 300 W RF power the etch rate of a-Si 
was 350 nm/min. We will show the fabricated free-standing SWCNT film and their 
characterization in a later section. 
 
2.3.2. Results and Discussion 
The SWCNT film thickness is determined by the deposition time and electric 
field. This section studies the effects of time and voltage with other test environments 
fixed. Since a fresh suspension is not generally prepared for each sample, one must take 
into account the deposition sequence. Figure 2.11 shows the EDP thickness of SWCNTs 
as a function of bias time for a constant 30 V deposition potential. We observe that there 
are two regimes: a zero-time deposition which occurs without applying bias, and 
exponential deposition regime. The zero-time offset is believed to be due to diffusive 
deposition occurring between the immersion of the wafer to SWCNT solution and the 
initial application of the bias. This depletes the solution near the surface of the wafer, 
creating a field that limits the film thickness. Films deposited in this initial regime are 
observed to be non-uniform. In the second regime, the deposited films are far more 
uniform and film thickness is found to depend on electric field and deposition time. The 
bottom SEM images with 1s, 15s, and 75s of deposition time represent the region I, II 
and III of the upper graph in Figure 2.11. We observe that the SWCNT films have more 
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EPD consists of a two-step process: electrophoresis and deposition. During 
electrophoresis step, the dispersed negative charged particles in the suspension are 
accelerated toward the positively charged electrode by an applied electric field. The 
adsorbed particles coagulate to form a film on the electrode surface [4, 122]. Thus, we 
should consider each step to understand the mechanism of EPD.  
The kinetics of the process was derived in a classic paper by Hamaker using a 
simple mass conservation principle [76]. Cho et al. demonstrated the EPD mechanism for 
thick CNT films used with Hamaker’ equation [71]. We find that the Hamaker’s equation 
explains our long depositions, finding that the deposited weight is proportional to the 
electric field and concentration. However, the Hamaker’s explanation cannot be used to 
explain our thin film deposition data. We find that the variation concentration equation 
from Sarkar and Nicholson is more suitable for our films as shown in figure 2.11. This 
exponential equation is explained in the previous chapter in detail. 
During deposition, we used constant-voltage EPD. In spite of the fixed potential, 
we observed that the current decays with deposition time. Two mechanisms may be 
responsible. The first is the accumulation of SWCNTs on the substrate leads to an 
increase in resistance, decreasing the current during the EPD process [4]. The second 
explanation is the decreasing SWCNTs concentration in suspension with increasing 
deposition time as shown in figure 2.12 (a). The second step of the EPD mechanism, 
deposition, is still disputed. The aggregation of particles on the electrode surface depends 
on the surface chemistry of particles and on particle-particle and particle-substrate 
interactions. The interactions in liquid solution are well described by DLVO theory [79]. 
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During EPD processing, the interaction energy curve is shifted due to the externally 
applied electric field. Particles start to agglomerate when the applied energy overcomes  
the mutual repulsion force. This deposition phenomenon is explained using the theory of 
the electrical double layer (EDL) distortion and thinning as proposed by Sarkar and 
Nicholson [4, 77]. This mechanism suggests that charge particles moving through the 
suspension attract oppositely charged species that partially screen them. When an electric 
field is applied, the oppositely charged shell is distorted, thinning ahead and thickening 
behind, due to fluid dynamics [123]. 
We find that k=0.03 sec-1 provides a good fit to the data. Assuming f=1, the 
average velocity of particle during deposition which is calculated using k value is 0.37 
cm/s. The particle velocity is the product of electrophoretic mobility (μ) and of electric 
field (30 V/inch), thus the electrophoretic mobility of particles is calculated to be 0.031 
cm2/V-sec. Chowdhury et al. investigated the electrophoretic mobility of SWCNTs in 
aqueous media and found typical values of 1.5x10-4 cm2/V-sec at a pH of 7 [124], about a 
factor of 50 smaller than our result. This difference is due to the electric field variation 
during deposition. The deposited mass raises the electrical resistance of the substrate and 
thus reduces the electric field. Thus, we need some other method to calculate the accurate 
electrophoretic mobility and explain the EPD mechanism. We will come back to this in a 
later section.   
If deposition time is enough long to be considered in the steady-state regime, our 
result could be explained with the Hamaker’s equation as mentioned above. We 
extrapolate back from the constant deposition rate in this equation to zero time to find an 
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effective thickness offset (Toffset) which includes the deposition during short period of 
time. Then, the thickness in steady-state region can be expressed as 
ܶ ൌ ௢ܶ௙௙௦௘௧ ൅ 0.93	݊݉/ sec	∗ ݐ    (2.3) 
where t is the applied time.  
Since the initial electrophoretic deposition should have a voltage dependence, we 
measured the film thickness for applied voltages from 10 to 40 V and fixed deposition 
time. Figure 2.12 (b) shows that the deposited thickness depends linearly on the electric 
field. This result is well explained with Hamaker’s equation. Also, it illustrates that the 
deposited mass saturates over 30 V of applied voltage. The observation may simply 
reflect an increase in the time the system spends in the exponential regime as the voltage 
is increased. Thus, Toffset may depend on the applied voltage. The offset may also depend 
on the SWCNT concentration in the suspension. To study this, we measured 
concentration effect on film thickness. Figure 2.12 (a) shows that the deposition rate 
decreases with repeated 75 sec, 30 V depositions with a fixed suspension. The observed 
reduction is believed to be due to the decrease of the SWCNT concentration in the 
suspension [83]. Concentration also affects to the deposited film thickness according to 
Hamaker equation. Moreover, this diminishing may follow a decrease of deposition time 
in the exponential regime. In summary, the deposition voltage and suspension 
concentration affect the offset to the exponential regime.  
The structure of the SWCNT films produced at 30 V for 45 sec was observed by 
SEM (JEOL-6500) and AFM. Figure 2.13 (a) shows a randomly oriented network of 
SWCNTs on Ni deposited wafer substrates. The micrograph suggests that the film is 
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2.4. Summary 
This chapter provided a theoretical review of the EPD process and explained 
routes to stable suspensions. The role of the surfactant was described with particle 
dispersion and simulation results. Based on these explanations, the electrophoretic 
deposition process was suggested with a detailed explanation. Experimental results were 
then presented. Few tens to hundreds of nm thick thin single wall carbon nanotube films 
were produced within a short period of times using an EPD process at room temperature. 
The deposited SWCNT film thickness was in good agreement with the Hamaker or the 
exponential equation from Sakar and Nicholson with an initial offset value. The initial 
deposition regime depends on the applied constant voltage during EPD process and the 
SWCNT concentration in suspension. The deposited film thicknesses were controlled by 
maintaining the process voltage and time. Lastly, free-standing structures of thin SWCNT 
films were fabricated by removing the Ni layer and a-Si sacrificial layer under the 
SWCNT film. The EPD process to deposit CNT film can be extended to flexible devices 
or many other MEMS devices that are few tens of nm thick or free-standing SWCNT 
films by etching the metal layer and the sacrificial layer.  
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 Chapter 3.  
 
Characterization of EPD SWCNT Films: 
 Density, Electrical, Optical and Mechanical Properties 
 
 
3.1. Overview 
This chapter discusses several characterization techniques to determine SWCNT 
film properties including mass density, electrical, optical, and mechanical properties. The 
film mass density is determined by Rutherford backscattering spectroscopy (RBS). The 
electrical properties are measured with patterned SWCNT film using an HP4156 
parameter analyzer. The optical properties are determined with transferred SWCNT film 
on transparent glass slides using a spectrometer. Finally, the mechanical properties of 
films are determined by two methods: straightforward nanoindentation of films on a 
substrate and calculation and by direct nanoindentation measurement of free-standing 
thin films.  
 
3.2. Density of SWCNT film 
 Density is a key factor in the design of MEMS/NEMS devices such as resonators 
and actuators [125]. Rutherford backscattering spectrometry can be used to obtain the 
SWCNT film mass density [126].  
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3.2.1. Basic of RBS 
 Rutherford backscattering spectrometry (RBS) uses ions with a known energy 
incident on a sample. One measures the energy of the backscattered ions. The RBS 
system consists of a helium ion generator, an ion accelerator, and a detector. He- are 
generated in the ion generator, and are then accelerated to 1 MeV in the ion accelerator. 
During the acceleration, two or three electrons are stripped from the He- ions and 
eventually the He- ions form He+ or He2+ ions, respectively. The He ions are incident on 
the sample and the backscattered ions from target sample are detected by detector [1].  
 The backscattering yield Y (in counts for channel) is expressed as [1] 
Y ൌ σΩQ ௦ܰ     (3.1) 
where , , Q, and Ns are the average scattering cross-section, detector solid angle, the 
number of ions incident on the sample, and sample areal density (atoms/cm2),  
respectively. Ns = Nd for thin film where N is the density (atoms/cm3) and d is the film 
thickness. The film thickness can be measured with other techniques such as profilometry, 
AFM, and ellipsometry. The backscatter yield (Y), detector solid angle (), and the 
number of ions incident on the target (Q) are determined through the RBS measurement. 
The number of incident ions is calculated by the time integration of the ion current, but 
secondary sample electron emission must be overcome or compensated. The average 
scattering cross section () is written as [1] 
	σ ൌ 1Ωන
݀ߪ
݀Ω݀Ω (3.2)
The differentiated of scattering cross section is expressed as [1] 
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 The mass density of the SWCNT film is calculated using Equation 3.1. Substrate 
parameters, including density (Ns), thickness (d), atomic number (Z) and mass (m), are 
well known for materials such as Ni, SiO2 and Si. The backscatter yield (Y), detector 
solid angle (), and the number of ions incident on the target (Q) are controlled or 
determined during the RBS measurement. If the film thickness is known from a 
profilometer measurement, the density can be determined as 
ߩ௙௜௟௠ ൌ ߩ஼ ܣ௙௜௟௠ܣ஼  (3.4)
where ߩ௙௜௟௠and ߩ஼are the mass densities of the SWCNT film and bulk carbon (2.267 
gm/cm3) respectively, Afilm is the area of the RBS peak due to the deposited CNT film as 
depicted in Figure 3.3 (b), and AC is the simulated area of bulk carbon with the same 
thickness as the CNT film as illustrated in Figure 3.3 (c). It is worth mentioning that the 
carbon atoms contained in SDS surfactant do not significantly affect the density of the 
CNT film calculated in this manner.  There is no direct accurate measurement of the 
fraction of the SDS surfactant that is incorporated in the film, however one can make a 
simple estimate. Experimental results suggest that the limiting case is that the SDS 
surfactants are fully adsorbed on the surface of CNT bundles in suspension and that the 
deposited film has the same proportion of SDS as the solution. Under this situation the 
effect of the SDS is only 5% of the total density. Therefore the effect of the SDS 
surfactant is not considered when calculating CNT density. 
The result of this analysis is shown in Figure 3.4. The density was found to be 
independent of deposition voltage and suspension usage. Instead it depended only on film 
thickness [127]. We believe that this effect is caused by increasing the number of bundles 
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and the increasing film uniformity as shown in Figure 2.12 (a). Large diameter bundles 
increase the film density because of the high packing densities in bundles.   
For very thin films, the density varies linearly with thickness, reaching a value of 
0.12 gm/cm3 for a 28 nm thick film. The rate of density increase slows at larger values of 
thickness. If the measured results are extrapolated, the film thickness would saturate at 
about 0.6 gm/cm3 for a 200 nm film. The film density is ultimately limited by that of 
closely packed CNTs [11]. If one assumes that the film is consisted of carbon bundles (10 
to 20 nm of diameter) and the minimum distance between individual CNTs is the same as 
sum of the interplanar stacking distance of graphene sheet (0.34 nm) and length of SDS 
surfactant (1nm), then the density of an ideally packed CNT film is 1.01 ~ 1.13 gm/cm3 
depending on the bundle diameter, in good agreement with the extrapolated limit of the 
data in Figure 3.4. The measured film density is much smaller than the ideally packed 
density. We expect that the film porosity is one possible reason for the difference. The 
SEM image shows that the deposited SWCNT film has many porous areas as shown in 
Figure 2.12(a).  
As mentioned above, the rate of EDP should follow Hamaker’s equation when 
deposition time is sufficient to be in the linear regime. Then, Hamaker’s equation can be 
expressed in a differential form as 
݀݉
݀ݐ ൌ ܥߤܣܧ (3.5)
If we confine our analysis to the deposition region in which the density is proportional to 
the thickness (30 to 100 nm), this can be rewritten as 
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is calculated to be ~6x10-5 cm2/V-sec. This result is almost half of the typical values of 
1.5x10-4 cm2/V-sec from Chowdhury et al. [124], but given the simplicity of the space 
charge region estimation and the approximation that no voltage is dropped in the quasi 
neutral region of the EDP system, this is an acceptable result. 
To verify the calculated density of SWCNT film, the RBS measured data were 
compared with the simulation results. Figure 3.5 shows the plot of the results of 
experiment and simulation simultaneously with different mass densities. The energy 
difference between the measured and simulated data is caused by energy loss due to 
wrong density value of the top carbon layer as illustrated in Figure 3.5 (a).  Figure 3.5 (b) 
demonstrates the curve of simulated and measured results with calculated SWCNT film 
density value from Equation 3.4.  
 
 
Figure 3.5 Schematic of counts-channel curve of RBS result and simulation data  
(a) Simulation result with carbon film (2.267 gm/cm3) (b) simulation result with 
modified density for carbon nanotube film.  
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3.3. Electrical and optical properties of SWCNT film3 
The electrical properties of the films were determined by creating long, narrow 
(1000 μm by 10 μm) patterned strips and measuring their I-V characteristics. To prepare 
the samples, we deposited SiO2 and a Ni seed layer on a Si wafer. After SWCNT 
deposition on the substrate using the EPD process, we etched the Ni seed layer. The 
complete removal of Ni was verified by EDS. The pattern was generated using 
photolithography and the dry etching process described in the previous section. The 
electrical properties of film were found from the linear current-voltage characteristics. 
The measured results are converted to resistivity using the device geometry and film 
thickness. The resistivity is found to depend primarily on film thickness. A linear 
relationship is found between conductivity and thickness as shown in Figure 3.6 (a). This 
is assumed to be due to increasing film density with increasing thickness.  
The SWCNT source material used for this experiment includes both metallic and 
semiconducting SWCNTs, set by the individual CNT chirality [128]. Theoretically, 
metallic CNTs have very high mobility and 1000 times better maximum current density 
than copper [129]. More density may increase the paths consisting of metallic CNTs in 
the film.   
To obtain the optical properties of the SWCNT film, the electroplated SWCNT 
films were directly transferred to a glass slide and the transmittance in the visible range 
was measured using a spectrometer. Figure 3.6 (b) depicts the average transmittance  
 
                                                 
3 3 Results in Section 3.3 are taken from [8] ibid.. 
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result from 400 nm to 700 nm of wavelength. The transmittance of SWCNT film has an 
exponential decay with thickness/density.  
Figure 3.6 (c) presents the performance of the SWCNT films characterized by the 
electrical sheet resistance and the optical transmittance measured at a wavelength of 550 
nm. The results shown here are better than the spray coating data from Kaempgen et al. 
[17]. Lima et al. reported the result using EPD method which follows the same trends 
with spray coating method [97]. The data point for a dip coated SWCNT film reported by 
Andrade et al. had the best performance (186 Ω/square at 86 % of transparency) [14], but 
controlling film thickness in dip coating is difficult, especially in very thin films where 
surface tension effects can lead to discontinuous films.  
A CNT film can be used as the transparent conducting electrode for solar cell or 
LED applications. This would be particularly interesting for flexible devices [130]. Our 
films have 238 ohm/square of sheet resistance and 60 % transmittance for a 100 nm thick 
film. This may be suitable for its usage in some solar applications [131].  
 
3.4. Mechanical properties of SWCNT films 
A basic MEMS actuator uses a thin suspended film above a lower electrode. For 
this application, it is required to know the Young’s modulus of the membrane to predict 
the pull-in voltage [132]. Nanoindentation has been used to characterize the mechanical 
properties of films due to its ability to control indentation depth on the nanoscale, high 
spatial resolution and its ease of use [133]. Nanoindentation measures the force and 
displacement while a probe tip is indenting to the sample. Figure 3.7 shows the schematic 
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of nanoindentaion. The displacement sensor has three parallel plates for capacitance 
measurement. Top and bottom plates are fixed in the system, while the middle plate 
which is adhered to the tip is moving in the vertical direction. The position of probe tip is 
precisely controlled by the voltage difference across the plates.  
 Two different methods were used to determine the Young’s modulus using 
nanoindentation system. One is the direct measurement for a film on a rigid substrate. It 
assumes a homogeneous film. The other uses the deflection of free-standing membrane 
and uses modelling to extract the Young’s modulus.  
 
 
 
 
 
 
 
Figure 3.7 Schematic of nanoindentation system  
Sample
Capacitor plate
Displacement sensor
Probe tip
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3.4.1. Straightforward nanoindentation for SWCNT film4 
The mechanical properties of the films were studied using nanoindentation. In this 
technique, a load is applied through a Berkovich tip and the displacement is measured as 
a function of loading. The unloading curve provides a measure of elastic modulus 
through the slope S as  
ܵ ൌ 2√ߨ ܧඥܣ௖ (3.7)
where E is the Young’s modulus and AC is the contact area. The latter is given by AC = 
24.5hc2 where hC is the linear intercept of the initial unloading curve on the displacement 
axis  [133]. The displacement was limited to no more than 10% of the film thickness to 
minimize substrate effects [134]. A single-wall carbon nanotube has a 1 TPa axial 
modulus due to their strong carbon-carbon bonds [135]. We made SWCNT film using 
EPD process, and the deposited film has randomly oriented CNTs. These randomly 
positioned CNTs have much weaker CNT-CNT forces and so should give softer 
mechanical properties. The Young’s modulus of the SWCNT films was found to be 5.2 
±0.5 GPa for films between 75 and 135 nm thick, as shown in Figure 3.8. These results 
are consistent with reports by other groups on films make using different deposition 
mechanisms. Multi-wall carbon nanotube films have reported values from 7.7 to 157.8 
GPa [15]. Aligned-SWCNT films have reported 9 to 57 GPa (depending on the diameter 
of CNTs) in the radial direction [136]. In most films, the Young’s modulus is correlated 
with density [137]. However, we do not observe this result in our SWCNT films. We 
suspect that the presence of the SDS surfactant, which stabilizes the SWCNT suspension 
                                                 
4 Results in Section 3.4.1 are taken from [8] ibid. 
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requires a model of the mechanical behavior of the film. The next sections will discuss 
candidate models that could be used for the Young’s modulus extraction and techniques 
for making the sample. First, the models for a free-standing circular membrane under 
point load are introduced. Then the fabrication technique for a free-standing structure is 
developed using a modified Langmuir-Blodgett method. Finally, the Young’s modulus of 
a SWCNT film is determined using the nonlinear model and a fabricated sample.  
 
3.4.2.1. Models for mechanical properties using load-displacement data  
Timoshenko reported many models to calculate the mechanical properties of films 
with different shapes and the load type [140]. In spite of many efforts to find a single 
solution, there are many models according to the load type and the characteristics of 
membrane. Relevant characteristics include thickness, prestrain, shape and Young’s 
modulus. Models are summarized in Table 3.1 categorized with load type, membrane 
shape and membrane behavior during indentation (linear or nonlinear).  
Komaragiri et al. developed models for the determination of the mechanical 
properties of free-standing circular thin films with both point and pressure loads based on 
the simplified Reissner theory [141, 142]. They considered an isotropic elastic circular 
film with applied load and small strains. They categorized three regions following two 
dimensionless parameters: a function of prestretch and film thickness and a function of 
load and film thickness.  
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Table 3.1 Overview of categorized models 
 Linear bending Nonlinear bending or stretching 
Shape 
  
Load 
Circular Rectangular Circular Rectangular 
Point [140, 143-145] [140, 146, 147] [140, 144, 148-150] [149] 
Pressure [140, 149, 151, 152] 
[140, 146, 147, 
149] 
[144, 149, 151, 
153-156] [149, 157-162] 
 
 
They find that the linear plate model can be used for the case of negligible 
stretching compared to deformation. The linear plate model is expressed by [142] 
ݓ
ܽ ൌ
3ሺ1 െ ߥଶሻ
4ߨ ൬
ܲܽ
ܧ݄ଷ൰ (3.8)
where a, w, , E, h, and P are the circular radii, the deflection, Poisson ratio, Young’s 
modulus, film thickness and the applied load, respectively. Corresponding to the classical 
plate theory, the linear plate theory ignores nonlinear kinematics. In other words, loads 
are enough small to expect small deflections.    
The prestretched membrane model is used for small loads. The prestretch 
membrane model is given by [142] 
βሺrሻ ൌ ቆ6ܲܽሺ1 െ ߥ
ଶሻ
ߨ݄ଷ ቇ
1
ߢ ቊ
ܫଵሺߢݎሻ
ܫଵሺߢሻ ൤ܫଵሺߢݎሻ െ
1
ߢ൨ െ ൤ܭଵሺߢݎሻ െ
1
ߢݎ൨ቋ (3.9)
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wሺrሻ ൌ න sinߚሺݏሻ݀ݏ
௔
௥
 (3.10)
where  is expressed by [142] 
κ ൌ 12ߝ଴ሺ1 ൅ ߥሻ ቀ݄ܽቁ
ଶ
 (3.11)
and , r, I1 and K1 are the angle of rotation, distance from a center of the circle, the 
modified Bessel’s function of the first and second term, respectively. Deflection of the 
film is determined using a numerical analysis of Equation 3.10 and Equation 3.9. This 
model is applicable when loads are enough small to avoid large deflections and the 
generated stiffness by prestrain is greater than or equal to the bending stiffness.   
Lastly, the nonlinear membrane model is used for very thin films where 
membrane behavior dominates prestretch. The nonlinear model is written as [142]  
ݓ
ܽ ൌ ሺ
3ܲ
ߨܧ݄ܽሻ
ଵ/ଷ (3.11)
where a, w, E, h and P are the circular radii, the deflection, Young’s modulus, film 
thickness and the applied load, respectively. This model is suitable when bending 
stiffness is negligible comparing with the stiffness that is generated by stretching arising 
from large deflection.  
 
 
 
  64 
3.4.2.2. Fabrication of free-standing circular SWCNT film 
A substrate was prepared by thermally growing a 300 nm thick layer of SiO2 on a 
Si wafer in wet ambient at 1000 C for 2 hours. A 30 nm thick nickel (Ni) seed layer was 
deposited on the substrate by sputtering. The suspension for EPD was prepared by mixing 
1 mg/mL of SWCNT and 1 wt % of the sodium dodecyl sulfate (SDS) surfactant in 
deionized (DI) water. The SDS surfactant was used to impede SWCNT agglomeration in 
suspension. The mixture was sonicated for one hour and centrifuged at 3500 RPM for 
one hour. Next, the EPD process was run to deposit the SWCNT film with a constant 
30V of deposition potential and various deposition times. Figure 2.13 (a) shows an SEM 
image of a SWCNT film deposited in this manner.  
After EPD, we used FeCl3 to remove the Ni seed layer and transfer the detached 
SWCNT film to the tungsten metal plate. The metal plate has a thickness of 1 mm and an 
array of holes with various diameters ranging from 180 um to 500 um. This transfer 
technique is similar to the Langmuir-Blodgett method (Figure 3.9 (a)). The transferred 
SWCNT films were dried in clean room conditions for 1 hour. Figure 3.9 (b) shows a 
microscopic image of a transferred film, similar to other free-standing films [163]. 
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illustration of the membrane deflection experiment, where a, w and P are the circular 
radii, the deflection, and the applied load, respectively. The model is suitable for very 
thin films, and we used CNT films with thicknesses from 60 to 130 nm. To calculate the 
mechanical properties of the SWCNT film, we approximated it as an isotropic elastic 
media clamped at the edge. This boundary condition is easily realized experimentally 
[164]. The blue line on Figure 3.10 (b) shows the measured load-displacement plot.  The 
data revealed that the measured point load-displacement data was proportional to the 
cube root of load [149] as expected. The red line in Figure 3.10 (b) indicates the 
calculated load-displacement predicted by Equation 3.11 assuming E = 5.6 GPa. The 
measurement is in reasonably good agreement with the predicted curve. 
We then calculate the Young’s modulus of CNT film with different thickness (Figure 
3.10 (c)). The Young’s modulus of the CNT films is found to be 4.6 to 6.5 GPa for films 
in the range of 60 to 135 nm. These results are in good agreement with the reports of 
Yang et al., [136] who  deposited SWCNT films with 9 to 57 GPa of elastic modulus 
(depending on the diameter of CNTs) in the radial direction. The EPD process in this 
experiment makes randomly oriented CNT film, while Yang group used aligned-SWCNT 
films. Also, this work used SDS surfactant to stabilize the suspension for the EPD 
process. It is likely that some of these surfactants remain between CNTs after deposition.  
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The SDS surfactants are adsorbed to the CNTs with a weak non-covalent bonding [138]. 
Therefore, the weak bonding energy might degrade the film’s mechanical properties. 
 
3.5. Improvement of SWCNT film properties7 
With electrophoretic deposited SWCNT film, we created free-standing fixed-
fixed beam structures by etching the Ni seed layer and a-Si sacrificial layer as illustrated 
in figure 2.13 (b). As a device application of these structures, an electrostatically 
controlled switch was developed with 97% device yield. The pull-in voltage was found to 
be in good agreement with theoretical predictions. However, the release process which 
removes sacrificial layer was found to increase the resistivity of the CNT layer by a 
factor of fifteen as shown in Figure 3.11 (a). Radical attack or physical bombardment 
during the etch may introduce defects in the CNTs. SF6 molecules decompose to fluorine 
radicals and ions in the plasma, and exposure to these fluorides are known to increase the 
resistance of SWCNT films [165].  It is also possible that SF6 plasma exposure is 
changing the resistance of the CNT to CNT charge transfer process by changing the 
surface species on the CNTs or introducing a surface charge.  
To attempt to resolve this problem, we tried treating the SWCNT film in two 
ways: HNO3 exposure to volatize the remaining surfactant and annealing to enhance 
chemical bonding and perhaps further remove residual surfactant [65, 166]. In the acid 
treatment method, we dipped the deposited substrate in HNO3 (60 %) for 1 hour, soaked 
in DI water for 30 minutes, and then dried in air. For annealing process, we placed the 
                                                 
7 Results in Section 3.5 are taken from [8] J. Lim, M. Jalali, and S. A. Campbell, "Properties 
of electrophoretically deposited single wall carbon nanotube films," Thin Solid Films, vol. 589, 
pp. 278-285, 8/31/ 2015. 
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treatment is used on the released film, it deteriorates the resistivity by another order of 
magnitude, resulting in a resistivity that is 200 times higher than that of the pristine film. 
However, the anneal process reduces the resistivity of the released film dramatically, 
bringing it back to within a factor of two of the pristine film. Thus it seems likely that the 
SF6 plasma used in the release process leaves residual fluorine on the surface which 
degrades conduction and that the anneal volatizes these adsorbed species, bring the 
electrical properties back to a condition close to those of the original film. 
 
3.6. Summary 
The density of electrophoretically deposited SWCNT film was calculated with 
measured RBS data. The film mass density was dependent on deposited film thickness. 
Electrical and optical properties were measured with fabricated samples. Conductivity is 
linearly dependent on the film thickness. Transmittance decreases exponentially with 
density. The Young’s modulus of SWCNT films was measured with two different 
methods: straightforward for film and model-based extraction of the measured deflection 
of a free-standing film. We also used the deposited SWCNT film on the substrate for the 
former straightforward method.  In the later method, we developed the fabrication 
process for free-standing film on pre-holed metal substrate using a modified Langmuir–
Blodgett method. The mechanical property of CNT film was determined with the load-
displacement results of nanoindentation. The characterized elastic moduli which are 
independent of the thickness show similar results in both measurement methods.  
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Chapter 4.  
 
 
Fabrication of Electromechanical Switches  
Using Electrophoretically Deposited of SWCNT Films 
 
 
4.1. Overview 
This chapter discusses the electromechanical switch made with electrophoretically 
deposited single walled carbon nanotube films. It will especially focus on fabricating the 
low power and high frequency electromechanical MEMS/NEMS actuator mentioned in 
Chapter 1. The theoretical models of the electromechanical switches are first introduced. 
Next, the overall fabrication process of an electromechanical switch using the 
electrophoretically deposited SWCNT film demonstrated in Chapter 2 is described. The 
‘On’ and ‘Off’ operation of switches is then characterized using electrical measurement. 
We then show the comparison between the measured pull-in voltage of several devices 
with different air-gaps and the calculated pull-in based on device geometry and the 
Young’s modulus from Chapter 3. We also calculate the resonant frequency of the device 
using the fabricated device geometry and characterized film properties. Finally, expected 
MEMS logic problems are predicted based on the characterized MEMS device results.  
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4.2. Background of electromechanical device 
The operation of MEMS switches is driven by force applied between a suspended 
beam or diaphragm and a fixed electrode. Types of forces can be categorized into 
repulsive and attractive. The latter includes electrostatic force due to an applied voltage, 
van der Waals (vdW) force and other short range forces. The repulsive force in our 
devices is mechanical. The free-standing beam moves to the electrode when, at every 
displacement of the beam, the attractive forces are larger than the repulsive force. When 
the attractive forces become smaller than the repulsive force, the beam is restored to the 
original position. The mechanical (elastic) force is determined by beam geometry and 
characteristics of beam. Here, short range forces are discussed. Finally, a model of the 
MEMS switch is described.  
 
4.2.1. Short range forces: vdW force and Casmir force  
There are two short range forces that cause adhesion in the MEMS devices: van 
der Waals (vdW) force and Casimir force. The vdW force is inversely proportional to the 
third power of the air gap [169]. It arises from a dipole-dipole interaction, including 
induced (i.e. image charge) dipoles and dipoles created by temporal fluctuations in the 
electron charge density. The magnitude of the vdW force is expressed as [170] 
F୚ୢ୛
Unit area ൌ
Aୌ
6π
1
dଷ (4.1)
where Aୌis the Hamaker constant of the molecule and d is the separation between the 
electrode and beam. The Hamaker constant of non-polar molecules lies in the range of 
0.4 to 4.0 × 10−19 J [171]. 
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The Casimir effect is an attractive force between two electrically neutral and 
parallel conducting plates in a vacuum environment, arising from quantum fluctuations of 
the electromagnetic field [172-176]. Zero point vacuum fluctuations of the fields 
contribute to the energy in quantum theory, when there are no photons in the field. The 
electromagnetic field should satisfy the boundary conditions in perfectly conductive 
parallel plates. Then, the energy density of the field between the plates is lower than the 
energy density of the outer area of the plates. Therefore, there is a net attractive force, 
given by [172]  
Fେୟୱ୫୧୰ሺdሻ ൌ ħcπ
ଶA
240dସ (4.2)
where ħ  is Plank	constant/2π , c is the speed of light and d is the distance or gap 
between the plates. When the separation decreases, the Casimir force increases rapidly 
due to the fourth power dependence on the air-gap.  
There are several reasons to neglect the Casimir force for applications of SWCNT 
films. First, the Equation 4.2 assumes perfectly flat plates. However, the beam bends into 
a curved shape, when it moves toward the bottom electrode as shown in Figure 4.1. 
Furthermore, a CNT beam is most certainly not flat. Instead it is made up of a collection 
of small diameter cylinders. Even a thin film, like those used for the fixed electrode is not 
perfectly flat. Groups that study the Casimir experimentally often use spherical shapes to 
avoid the difficulty of reliably producing flat geometries. In that case the Casimir force is 
inversely proportional to the third order of separation similar to the vdW force [177, 178]. 
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Moreover, metal plates are assumed to be perfectly conductive to reflect at all 
frequencies. However, the finite conductivity of real metal films limits the effect at high 
frequency. In the free electron model, perfectly conducting metals are transparent above 
the plasma frequency, but the optical absorption is different in a metal with a finite 
conductivity. For example, gold has a 50% reflectance drop at 500 nm. Therefore even 
gold is not a perfect metal in electromagnetic modes at short wavelengths [179].  
 
 
 
Lifshitz modified the Casimir force Equation 4.2 for a finite conducting metal 
plate with a frequency dependence of the dielectric function [180, 181]. The reduced 
Casimir force is written below with a reduction factor η୊ [16] 
Fୖሺdሻ ൌ η୊Fେୟୱ୧୫୧୰ሺdሻ (4.3)
The reduction factor is calculated using by Liftshitz expression and Drude model as 
shown in Figure 4.2 [16]. The result shows that the effect depends on the ratio d/ߣ௉, 
where λP is the plasma wavelength. The graph indicates that the Equation 4.2 is valid at 
 
 
Figure 4.1 Cross section of a MEMS membrane strip 
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A SWCNT film deposited by EPD consists of metallic and semiconducting 
carbon nanotubes. The electron density of the semiconductor is much less than the 
conductor. Thus, SWCNT films have a much lower plasma frequency than metal films, 
causes the plasma wavelength to be much larger than the gap. Due to very small 
reduction constant, the reduced Casimir force is negligible in our MEMS/NEMS switch.  
For those reasons, the Casimir force can be ignored for our electromechanical 
switch with SWCNT film. Figure 4.3 depicts the calculated attractive force without the 
Casimir force. The van der Waals force is the dominant attractive force under 10nm and 
is not considered for our applications because our devices have air gap over 20 nm [22].  
  
 
 
 
  
 
Figure 4.3 Attractive forces of MEMS switch by distance between two electrodes 
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Figure 4.4 (a) shows the fixed-fixed beam structure with vertical point load. The 
spring constant is derived from the deflection, y, versus load position written: [2] 
EI ݀
ଶݕ
݀ݔଶ ൌ ܯ஺ ൅ ܴ஺ݔ ݂݋ݎ ݔ ൑ ܽ (4.7)
y ൌ ܯ஺ݔ
ଶ
2ܧܫ ൅
ܴ஺ݔଷ
6ܧܫ ݂݋ݎ ݔ ൑ ܽ 
(4.8)
ܯ஺ ൌ െ݈ܲܽଶ ሺ݈ െ ܽሻ
ଶ (4.9)
ܴ஺ ൌ െ ݈ܲଷ ሺ݈ െ ܽሻ
ଶሺ݈ ൅ 2ܽሻ (4.10)
where E, ݈ , ܯ஺	ሺN ∙ mሻ, and ܴ஺	ሺNሻ are the Young’s modulus of beam, beam length, 
reaction moment, and the vertical reaction at the left end, respectively. For the cuboid 
beam, the moment of inertia is written in below [2] 
I ൌ wݐ
ଷ
12  (4.11)
where w and t are the width and the thickness of the beam, respectively.  
It is common for MEMS devices that the load is distributed in center of the beam 
as shown in Figure 4.4 (b). The deflection at the center (ݔ ൌ ݈/2ሻ is expressed from 
Equations 4.7 to 4.11 as [2]  
y ൌ 2ܧܫ න
ξ
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௟
௟
ଶ
ሺ݈ଷ െ 6݈ଶܽ ൅ 9݈ܽଶ െ 4ܽଷሻ݀ܽ (4.12)
where ξ is the load per unit length. The spring constant for an evenly distributed load at 
the center of beam,	P ൌ ξ2ሺx െ ୪ଶሻ, is calculated from Equation 4.12 with ݔ ൌ ݈/2 as [2]  
k ൌ 16Ewሺݐ݈ሻ
ଷ (4.13)
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The pull-in voltage is derived from a parallel plate capacitor structure as depicted 
in Figure 4.5 [183]. Electrostatic actuators have two electrodes which work like parallel 
conducting plates. Applying the electrostatic force induces the free-standing beam to 
move toward the fixed electrode. This model does not consider the fringing capacitance 
since for simple systems the lateral geometry is large compared to the separation. The 
actual capacitance can be 20-40 % larger due to fringing fields [2]. The parallel plate 
capacitor is [2, 183] 
C ൌ ߝ଴ܣ݀ ൌ
ߝ଴ݓܹ
݀  (4.14)
where o, A, d, w, and W are the permittivity of free space, the overlap area of the plates, 
the distance between the two electrodes, and the width of the bridge beam, and the width 
of fixed bottom electrode, respectively. The electrostatic force is derived by considering 
the power delivered to a time-dependent capacitance and is expressed as [2] 
ܨ௘௟௘௖௧௥௢௦௧௔௧௜௖ ൌ 12
ߝ଴ݓܹ
݀ଶ ܸ
ଶ (4.15)
where V is the applied voltage between two electrodes. The electrostatic force is 
approximately assumed to be evenly distributed across the overlap area of the beam and 
electrode. The spring constant from Equation 4.13 is used to calculate the elastic force. 
The equilibrium condition is that the applied electrostatic force is equal to the mechanical 
restoring force as [2]  
1
2
ε଴wWVଶ
dଶ ൌ kሺd଴ െ dሻ (4.16)
where g଴ is the zero-bias gap between two electrodes.   
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electrode once it transits into the unstable state. The pull-in voltage can be calculated 
with Equation 4.17 using d ൌ ଶଷ ݀௢ as [2] 
V୔୍ ൌ ඨ 827
݇
ε୭wWሺd୭ሻ
ଷ ൌ ඨ12827
Etଷ
ε୭Wlଷ ሺd୭ሻ
ଷ (4.18)
 
 
 
 
4.3. Overall device fabrication process flow8 
Figure 4.7 depicts the overall process steps to fabricate two-terminal switches 
using electrophoretic deposition of single walled carbon nanotube films. A device 
schematic is shown in Figure 4.8 (a). First, a 300nm thick SiO2 layer was deposited on a 
4” Si wafer. Then electrodes consisting of 70nm Pd on 10nm Cr were prepared with a 
                                                 
8 These results have been accepted for publication in ref [3] S. A. C. Junyoung Lim, 
"Electromechanical Switches Fabricated by Electrophoretic Deposition of Single Wall Carbon 
Nanotube Films," In processing, 2015. 
  
 
Figure 4.6 Schematic of normalized deflection by applied voltage for pull in voltage. 
The initial position corresponds to 1 of normalized gap.  
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modified lift-off process to prevent the collapse that can occur due to sharp fences 
forming at the edge of a feature made by liftoff [184]. Pd was selected as fixed electrode 
due to the small work function difference between Pd and CNT makes an ohmic contact, 
reducing the contact resistance and improving the reliability [185].  
Amorphous Si (a-Si) was then deposited by PECVD as a sacrificial layer for the 
release process. The thickness of this layer sets the actuator air gap. This film has a very 
large etch rate, about 3.4 um/min in a plasma with 200 sccm SF6, 300 W power and 300 
mTorr pressure formed in the STS dry etcher. As a result, we can later use a dry release 
step, minimizing stiction. The next step was patterning the anchor regions using 
photolithography and etching the a-Si using the STS dry etcher. As mentioned above, the 
Ni seed layer and 100nm thick SWCNT film were deposited using a sputtering system 
and the EPD process, respectively.  
The Ni layer has to be removed since it dramatically changes the property of the 
suspended beam. The Ni was removed through the SWCNT film using a solution of 8 % 
FeCl3, however the SWCNT film would peel off during this wet etching process. To hold 
the film in place, we used photoresist to make 2 cm by 2 cm die size openings separated 
by 0.5 cm stripes as shown in Figure 4.8 (b). The resist stripes anchored the CNT film 
during the Ni wet etch step. Once the etch process was complete, we washed the wafer 
with deionized water (DI) and dried it.  
Next, the SWCNT beams were patterned with a photolithography and dry etching 
process. The SWCNT film had an etch rate of 30 nm/min in 100 sccm of O2, 100 W rf 
power and 50 mTorr pressure in the STS dry etch system. Finally, the a-Si sacrificial 
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generated during EPD process may impede current flow. Sodium dodecyl sulfate (SDS) 
surfactant is used to make the SWCNT suspension. It has a hydrophobic tail (blue) and 
hydrophilic head (red), as given Figure 2.4 (a). The SDS surfactants are adsorbed on the 
surface of the SWCNTs with cylindrical, hemimicellar, or random orientations as shown 
in Figure 2.4 (a), (b) and (c) respectively. Also, surfactants locate among the SWCNTs 
when the film is formed as shown in Figure 4.10. As a result, the film resistivity increases 
due to the surfactant effect. Thirdly, SWCNTs have either semiconducting or metallic 
behavior depending on chirality. Semiconducting SWCNTs may cause a higher film 
resistivity than metallic tubes. Finally, the contact area is extremely small and so the 
resistance is initially high.  
There is hysteresis between the pull-in and pull-out voltages. This is common for 
an actuator. There are several possible reasons for hysteresis. The mechanical restoring 
force is linear in defection while the electrostatic force is quadratic. Thus, even in an 
ideal (i.e. no other forces) system the voltage required for pull-out will be less than that 
required for pull-in. In addition, short range forces can also contribute to hysteresis. Van 
der Waals and other short range surface forces are much stronger when the membrane is 
in the down position [22]. The effect of these forces must be balanced against the 
attractive electrostatic force and the mechanical restoring force. Generally the effect is 
more severe with smaller spring constant devices. The spring constant is proportional to 
the thickness, width and Young’s modulus of the SWCNT films which are formed by 
EPD. The small spring constant of the free-standing SWCNT beam leads to a small pull-
out voltage.  
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showed a range of values for the same nominal air gap. We calculated the pull in voltages 
of devices using Equation 4.18 [187, 188]. The SWCNT film thickness was measured by 
profilometry and AFM. Unsurprisingly, it showed a variation of almost 20% due in part 
to the roughness of the CNT film. To represent the effect of the thickness variation we 
calculated the pull-in voltage with 80nm, 100nm, and 120nm thick films. We observe that 
measured pull-in voltage were distributed around the nominal value for the larger gap, 
but tended to be somewhat lower than the nominal value for thinner gaps. We believed 
some SWCNT bundles, which are weakly bound in the film, deflect from the bottom of 
the film once the a-Si layer is removed. These nanotube whiskers pull-in at a lower 
voltage due to their smaller gap. This may suggest a small (~5 nm) but systematic 
reduction in the air gap. Causes could include the individual bundle movement described 
above or a small degree of zero-bias film deflection caused by stress effects in the 
released film.  
Finally, we calculate the resonant frequency of device using  
௢݂ ൌ 1.0279 ൬ ݐ݈ଶ൰ඨ
ܧ
ߩ (4.19)
where E, , t, and ݈ are, respectively, 5.7 GPa of Young’s modulus from Chapter 3, 0.46 
g/cm3 of film density from Chapter 2, 100 nm of thickness, and 3.45 m of beam length. 
Unfortunately, we cannot measure the resonance frequency results due to reliability 
issues. However, the calculated value is approximately 3.11 MHz at 100 nm thick 
SWCNT film. Representing the 20 % of film roughness as we mentioned before, the 
calculated frequency varied from 2.43 to 3.65 MHz depending on film thickness.  
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4.5. Problems of MEMS digital logic based on MEMS switches 
MENS/NEMS switches that are fabricated with the CNT film turn-on much more 
slowly than semiconducting devices. When the MEMS switch is used as a digital logic 
element in a VLSI system, the gradual operation creates a large undetermined input 
region. Digital logic has two outputs: high ‘1’ when VI >VIH and low ‘0’ when VI < VIL 
as shown in Figure 4.12 (a). Gradual turn-on devices have an undefined area between VIH 
and VIL. The gradually increasing region causes noise margin issues, power consumption 
and propagation delays in a long logic chain.  
To get a large noise margin, the output swing should be wider than the 
undetermined input region in multi-stage logic as shown in Figure 4.12 (b). Noise 
margins exist in two regions: ‘high’ and ‘low’. The former occurs between VOH of device 
1 and VIH of device 2. Likewise, the latter ‘low’ condition occurs between VIL of device 1 
and VOL of device 2. Therefore, the output of device 1 has to swing sufficiently to 
correctly determine the logic state of the device 2. In other words, a low output of the 
first stage should be below the low input of the second stage, and the first stage of high 
output should be above the high input of the second stage. 
In addition, the propagation delay causes dynamic transitions of the digital system. The 
mechanical delay particularly affects logic elements that require multiple transitions in a 
single clock cycle before the output settles to the correct result. For example, a NAND 
gate produces a ‘high’ when one of inputs is ’low’ as depicted in Figure 4.13 (a). When 
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process. Pull-in voltages of device were found to be as low as 1 V by reducing the air-gap 
between the suspended beam and bottom electrodes. The measured device pull-in 
voltages were confirmed with the calculated data based on device geometry and beam 
characteristics. Moreover, we suggested that some reasons may contribute to gradual turn 
on, hysteresis in operation and the small discrepancy between the characterized and 
calculated pull-in voltages. Lastly, we found the resonant frequency to be approximately 
2.4 to 3.5 MHz and discussed the implications of the device performance if it were 
implemented in digital logic applications.     
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Chapter 5.  
 
Conclusions and Future Works 
 
 
5.1. Conclusion 
Power dissipation is a key issue of CMOS device scaling. MEMS/NEMS devices 
are a potential solution for standby power dissipation problems of CMOS device because 
of their almost ‘zero’ standby leakage. However, the MEMS/NEMS switch has an 
inherent tradeoff between pull-in voltage and switching speed. In other words, it is very 
challenging to achieve low power and high speed at the same time. To overcome this 
limit, nanoscale air-gap and low mass density materials are essential, because the former 
decreases the pull-in voltage and the latter increases the switching speed.  
Single walled carbon nanotubes (SWCNTs) have low mass density and excellent 
electrical/mechanical properties. However, the synthesis techniques of carbon nanotubes 
are not compatible with a CMOS substrate due to their high temperature. Thus, 
continuous film deposition techniques of CNTs are suggested at low temperature (< 300 
C).  
The electrophoretic deposition (EPD) at the room temperature allows the use of 
fabrication process including standard lithography and etch processes to produce patterns 
on a fully fabricated wafer. Moreover, the electrophoretically deposited SWCNT film 
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would be compatible with many other substrates because of the low deposition 
temperature.  
First, we demonstrated the electrophoretic deposition of carbon nanotubes. A 
theoretical review of the EPD process and routes to stable suspensions including the 
surfactant were introduced. A detailed explanation of the electrophoretic deposition 
process was suggested. Experimental results showed single wall carbon nanotube films 
ranging from a few tens to hundreds of nm thick. The thickness depended on the 
deposition time and applied voltage. The experimental data showed a good agreement 
with the Hamaker and the exponential model if one assumes an initial offset value.  
Next, the several properties of electrophoretically deposited SWCNT films were 
characterized. The density of the film was determined using the Rutherford 
backscattering spectroscopy. The mass density varied with the film thickness from 0.12 
to 0.54 g/cm3 depending on the deposited mass. Electrical and optical properties were 
characterized using HP 4156 and spectrometer with fabricated samples. The conductivity 
of the film was linearly proportional to the density and the transmittance decayed 
exponentially with density. The mechanical property of the film was measured with two 
techniques: straightforward properties of a film on a rigid substrate and by modelling the 
response of a suspended from to nanoindentation. For the latter method, we describe a 
technique for fabricating a free-standing film on pre-drilled substrate using a modified 
Langmuir–Blodgett method. Then we extracted the Young’s modulus of the films using 
nonlinear model and measured load-displacement data by nanoindentation. The Young’s 
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modulus was found to be between 4.72 and 5.67 GPa, independent of the film thickness. 
Also, some techniques to improve the released film properties were explored.  
Finally, we fabricated two-terminal switches with a suspended SWCNT film 
deposited using the EPD process. Device pull-in voltages reached as low as 1 V by 
reducing the air-gap between the free-standing beam and bottom electrode. The 
characterized pull-in voltages were confirmed with the calculated data which used the 
extracted Young’s modulus of SWCNT film and geometry of device. However, the 
devices have a gradual turn-on, a changing operation voltage with repeated switching, 
and a hysteresis problem during operation. We suggested some effects that may 
contribute to the above problems. Finally, we found the resonant frequency which is 
related to the device speed to be approximately 2.4 to 3.5 MHz.  
 
5.2. Future work 
Our ultimate goal is to demonstrate low pull in voltage (under 1V) and high 
frequency (over 1GHz) MEMS/NEMS switch using SWCNT films. However, we 
encountered many obstacles including deposited SWCNT film properties using EPD, 
gradual turn-on, hysteresis and reliability issues. Therefore, further work should be 
focused to improve the above problems. 
 First, the surfactants in the film should be removed to improve mechanical and 
electrical properties of the SWCNT films. A sodium dodecyl sulfate (SDS) surfactant 
was used to prepare stabilized SWCNT suspensions for electrophoretic deposition. After 
deposition, the adsorbed surfactants remained on the surface of CNTs. We believe that 
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these molecules degraded the mechanical and electrical properties of the characteristics 
of the films. The surfactant in the film can be removed after deposition through the use of 
an acid treatment and burn out [86, 88]. We reported improved resistivity of the film 
using an acid treatment, but there was no improvement in the Young’s modulus of the 
film. We believe there are still remaining surfactants between the CNTs or the acid 
treatment degrades the CNT properties sufficiently to compensate for the surface 
cleaning. Therefore, research should be directed to ways to remove the surfactants 
completely after deposition. Alternatively, developing a new suspension without using 
surfactants can resolve the property degradation problem [36]. 
Second, preparing the suspension with only metallic SWCNTs may improve the 
electrical properties of the film and device performance, as well as the gradual turn-on 
problem which may be related to the higher resistivity of semiconducting SWCNTs. We 
used the mixed SWCNTs which contain under 5 % of metallic SWCNTs.  
Third, released device should be kept in the vacuum condition to prevent moisture 
stiction problems, especially for devices with very small air gaps. Suspended SWCNT 
beams were collapsed within 24 hours after release process.   
Finally, device reliability should be improved to measure the resonance frequency. 
Current devices only operated correctly for a few tens of cycles, so it was difficult to 
measure the operation speed with accuracy. Packaging the device and improving the 
mechanical properties of the beam are required to solve the issue.  
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